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- The Travel & Tourism Competitiveness Report 2013, World Economic 
Forum, Geneva, 2013. 


- The Travel & Tourism Competitiveness Report 2017, World Economic 
Forum, Geneva, 2017. 
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Abstract 


One of the main beauty features of Islamic architecture 
is the unique ornaments, which include vegetal ornaments, 
calligraphy, and geometric patterns. Although the high-quality 
geometric patterns require great efforts, time, and accuracy 
in the production process, it’s still adopted nowadays as 
main decorative elements in Islamic buildings. From another 
perspective, there is a significant development in building 
techniques because of the advanced technology that affected 
positively the manufacturing process. One of these techniques 
is 3d printing which has been used in many sectors, such: 
medical, food, fashion, and design sector. Thus, through the 
descriptive approach, this research comes to investigate the 
issue of using this technique in manufacturing decorative units 
with geometric patterns, that could be used in Islamic buildings. 
The research will shed light on the topic of 3d printing (what 


is the 3d printing technology, methods, pros & cons,.. etc). 
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and geometric patterns (ornaments in Islamic architecture, 
the geometric pattern, methods of construction of geometric 
patterns,.. etc.), As well as the main issue: the cases of using 
the 3d printing technique in the production of these patterns. 
In addition, and while there is not yet a similar study focuses 
on this issue, the research highlights this futuristic approach 
to confirm the necessity of integrating the latest technology in 


Islamic architecture. 
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Introduction 


—__—__—_e @-e—£____ 


In the present era, the rapid technology development 
is accompanied by the evolution in various sectors on 
different levels: education, design, medical, and certainly, the 
manufacturing sector. One of the latest techniques in the latter 
is the 3d printing. This technique is defined as: “3D Printing 
is a [manufacturing] technology through which 3 dimensional 
models can be created by layering successive layers of material. 
These models can be created via 3D printers which range 
from many different sizes and purposes” (Mathur, 2016). This 
integration between the digital design and 3d printers opens 
up new vistas in the manufacturing processes in many fields: 
medical, fashion, nutrition, and building field, to produce new 
products by reducing the effort and time to the minimum. In 
architecture, 3d printing is used in several cases to print a whole 
building in some cases or partial elements, such a wall and 


structure (Teizer et al., 2016) (van Wijk and van Wijk, 2015). 


From the other perspective, Islamic architecture introduces 


timeless designs with a uniqueness that may emanate from 
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adopting specific architectural elements, such as the minaret, 
courtyard, and the geometric pattern. The latter, which is an 
essential ornament in Islamic architecture (Imran, 2014), 
generates fascinating patterns with different degrees of 
complexity that require great efforts, time, and accuracy in 
the production process. In spite of this issue, it’s still adopted 
nowadays as a significant decorative element in Islamic 
buildings, that still depends on the traditional manufacturing 
process. Thus, this research comes to investigate the issue of 
manufacturing decorative units with geometric patterns via 
using the technology of 3d printing. Through the descriptive 
approach, the research will cover the topic of the geometric 
pattern in Islamic architecture (types of Islamic ornaments, 
the classifications of the geometric patterns,.. etc.), as well as 
an overview of the subject of 3d printing (methods, examples 
in architecture, pros and cons,.. etc.). Then, It will shed the 
light on the case studies that integrated this technology in the 


production of Islamic geometric patterns in Islamic buildings. 
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Ornaments in Islamic Architecture 


Ornaments are one of the intrinsic elements in Islamic 
architecture, accompanied by the dome and the pointed arch 
(Faiz et al., 2016). The Islamic ornamentation plays a major 
role in enriching the aesthetic side of the simplicity in the design 
(Imran, 2014), and at the same time, it defines the structure 
to appear weightless and limitless in the space (Othman and 
Zainal-Abidin, 2011). Through the symbolism and abstraction, 
Islamic ornament could express the ultimate beauty in the 
great universe surrounding the human, the weak creature, 
considering the issue of the avoidance of using human figures 
in the ornament (Haddad, 2015). There are three key elements 
in Islamic ornamentation: floral (vegetal) design, geometric 
pattern, and calligraphy (Shafiq, 2014). 

- Vegetal Design 

The vegetal ornament portrays a neat combination between 
multiple components, such flowers, leaves, and branches 
(Shafig, 2014). The early vegetal ornament in Islamic 
architecture dates back to the Umayyad era (660-750), where 
glass and stone were used (Abdullahi and Rashid, 2015). 

- Calligraphy 

Undoubtedly, the use of the Arabic calligraphy in writing 
the Quranic verses adds a unique value to this element, in 


delivering the great messages from God Almighty. In the Islamic 
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art, the first style of calligraphy was used is the Kufic Script 
(Tan, 1999). There are many other styles such Thuluth, Riq’a 
and Naskh, which some were incorporated into a carved wood 
and stucco decoration, with using geometric compositions 
(Othman and Zainal-Abidin, 2011). 


Figure 1. Left: The vegetal ornament in the great mosque 
of Cordoba, Spain (Braun, 2009), right: The calligraphy in 
Alhambra palace (Lopez, 2013) 


- Geometric Pattern 


One of the earliest contributions in the science of geometry 
was introduced by the Muslim scientist A/-Khwarizmi in his 
book: “The Compendious Book on Calculation by Completion 
and Balancing” in the ninth century (Abdullahi and Rashid, 
2015). Geometry plays a significant role in Islamic art which 
makes it a universal language involves proportions, that 
enhances the design of the element (Dabbour, 2012). Also, in 
Islamic art, geometry led to the emergence of what 1s called: 
Islamic Geometric Pattern, which is defined as: “The practical 
experiments of designers and artisans using basic devices such 


as repetition, rotation, and reflection, rather than their conscious 
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attempts to make abstract statements about the harmonious 


patterned nature of a divinely ordered universe” (Imran, 2014). 


The Integration of the Islamic geometric pattern into the 
design was widely spread, including the eastern region of 
Transoxiana and Khurasan, extending to the western region of 
Andalusia and Morocco (Shafiq, 2014). In architecture, these 
patterns were used in the embellishment of ceilings, tiling, 
walls, domes, minarets, fences, and some particular elements 
such Minbar and Mihrab (Cenani and Cagdas, n.d.). 


Figure 2. Islamic geometric patterns in architecture, from left: the 
dome of the tomb of Hafez, (Zilliacus, 2017), an Indian window 
screen (The Metropolitan Museum of Art, 1993) 
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Figure 3. Types of Islamic Geometric Pattern (Faiz et al., 2016) 
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The Classification of Islamic Geometric Patterns (IGPs) 


There are numerous classifications in the literature 
varied from one research to another according to the scope 
and the aim of each. In general, the research introduced by 
Ozsariyildiz (Ozsariyildiz, 1991) classified the plane patterns 
(2 dimensional) according to four factors: their generations, 
forms, mathematical typology, and the culture. Another 
classification relied on the various forms of geometric units 
in the IGPs: circles, polygons and star patterns, squares and 


lozenges, and mugarnas'” (Imran, 2014), figure(4). 


Figure 4. Different forms of geometric units, according to (Imran, 
2014), from left: the circles on the floor of Hisham’s Palace 
Palestine (Wade, 2014), polygons in the ceiling of Jameh Mosque 
of Yazd in Iran (Lynch, 2015), mugqarnas in the Shah Mosque in 
Iran (Zilliacus, 2017) 


In addition, the grid method can be used to classify specific 


IGPs such star unit patterns, through multiple stages: the planar 


(1) According to (Imran, 2014) a lozenge (0) :“often referred to as a diamond, is a 
form of rhombus”, and a mugqarnas: “viewed as a section of vault that is used 
in combination with other elements, Creating a three-dimensional ornamental 
effect” 
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surface (which depends on the basic unit), the divisional, the 


gridding, the artistic,and the extension stage (Aljamali and 
Banissi, 2004), figure(5). 


3- Gridding stage 


Grid 1 - Quadrilaterals Grid 2 - Hexagons 


Figure 5. The steps of the grid method to classify the IGPs 
(Aljamali and Banissi, 2004) 


Methods of Construction of IGPs 


As the diversity in the classification of IGPs in literature, there 
are many studies introduced different methods of construction 
of IGPs. For instance, according to (Imran, 2014), there are 
three methods to construct IGPs depending on the geometric 
interlocking technique, which uses the repetition to give the 
effect of infinite patterns. The first is the tile method, involving 
geometric shapes and linear outlines to fill the empty space. 
Next one is the strap method, where the composition of the 


pattern is produced according to the crossing and overlapping 
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straps. This means that the straps control the size of the 
empty spaces, and subsequently, the degree of complexity 
of the pattern. It can be used on different materials, such as 
brick, clay, and curved wood. The last method introduced 
is the stratigraphic method (three dimensional patterns). 
In this method, the patterns are arranged one on top of the 
other to give a sense of depth in the design, (Imran, 2014), 
figure(6). 


Figure 6. The stratigraphic method in the construction of IGPs in 
the dome of the mausoleum Qaitbay, Cairo-Egypt (Imran, 2014) 


Furthermore, in the research (Thalal et al., 2011), There 
are two methods of construction of IGPs differ according to 
the region. On one hand, In the Eastern Islamic world, the 
craftsmen adopt the isometric grid method. This grid consists 
of equilateral triangles or squares, which via copying and 
repetition of these shapes, the pattern is produced. On the other 
hand, In the western Islamic world, particularly in Morocco, 
the method used is called “Zelliy” which generates patterns on 


ceramic tiles from hand cut shapes, figure(7). 
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Figure 7. Left and center: examples of IGPs based on isometric 
grids (BOURGOIN, 1879), right: Zellij panel in the museum of 
Burj Sud in Morocco (Thalal et al., 2011) 


Another method discussed in this study is the “Hasba” 
method which is also used in Morocco. On the wood work 
(painting and carving), the patterns here are generated from a 
basic shape such a square, to produce more intricate designs 
that depend on continuous ribbons with a specific thickness, 
(Thalal et al., 2011), figure(8). 


Figure 8. Construction IGPs via the Hasba method (Thalal et al., 
2011) 


The 3d Printing Technique 


According to (van Wijk and van Wijk, 2015) the technology 
of 3d printing can be defined as: “a computer-controlled 


production technique that builds a product layer by layer”. 
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More often, another term “Additive Manufacturing- AM” 
relies on the same concept of the 3d printing is used instead, 
while the difference, according to (Petrick and Simpson, 
2013) is that “the term additive manufacturing has come 
to represent the use of 3D printing to create final parts and 
metallic components, differentiating from the more traditional 
subtractive manufacturing processes” (Petrick and Simpson, 
2013), which indicates that the 3d printing is a type of AM. 
The beginning of 3d printing dates back to the 1980’s, within 
a prime concept called: Rapid Prototyping-RP, which aims 
to provide prototype parts as quickly as possible (Wong and 
Hernandez, 2012). The 3d printing technology has been utilized 
in many fields. For instance, in the medical field, 3d printing 
can print vital organs to replace the damaged parts of the human 
body (Mathur, 2016). In the fashion sector, it is used in the 
design of specific textile-like patterns (Melnikova, Ehrmann 
and Finsterbusch, 2014). Also, it is used in the aerospace field 
to manufacture structures with special specifications (Wong 
and Hernandez, 2012). In spite of the variety of methods and 
materials used in 3d printing, the printing process is almost 
similar. In the initial phase, the 3d printing needs a digital file 
(3d model) of the required product. This file can be provided 
through computer-aided design (CAD), then it is transferred 
to the 3d printer (Petrick and Simpson, 2013). After selecting 
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the type of the material (such powder, metal, etc.) which 
specifies the type of the printer, the printing begins (through 
fusion, extrusion, ..etc.) to finish the first layer, which is then 


be lowered to achieve the same thickness (StrauB, 2013). 


After repeating the last two steps to complete the printed 
product, in some cases it is required to remove the excess 
material, figure(9), which thereafter, the model can be finished 
completely through polishing, varnishing, or galvanizing 
(StrauB, 2013). 


Transfer of \|__ Application of \ eee ia \| a Amman at te\ 
| CAD data / 2 io ace |S chemical j\ 4 build platform = / 


/ binding agent / | 


Removal of 
unbound 


\ Finished 
\7 
material i 


Steps 2-4 \ 
5 16 nt 


repeated 


Figure 9. The process of powder-based 3d printing (Guenther, 
2015) 


3d Printing Technologies 


There are various techniques of 3d printing, differ according 


to the material used and the specifications of the required 
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product. This section comes to shed the light on some of these 


techniques and introduce a general overview of each. 


3D PRINTING TECHNOLOGIES 


EXTRUSION DIRECT ENERGY SOLIDIFICATION PHOTOPOLY- SHEET 
OF MOLTEN MATERIALS DEPOSITION OF POWDER MERIZATION LAMINATION 
MELTS METALWITH AHIGH — FUSION OR JOINING OF SOLIDIFICATION OFA BONDING OF SHEETS 
ENERGY POWER SOURCE PARTICLES LIQUID POLYMER 


Figure 10. Different technologies of the 3d printing (van Wijk and 
van Wijk, 2015) 


Extrusion 


After melting the material, which can be plastic, ink, cement, 
or clay, it is extruded to become a solid material emerging from 
the printer (van Wyk and van Wik, 2015). One example of 
this technology is “Fused Deposition modeling (FDM)”. The 
extrusion here is applied to a molten material, such a plastic, 
which is printed layer by layer (Mathur, 2016). It is similar to 
another technique with the same principle, called: “Contour 
Crafting (CC)”, which is used in the printing of large structures 
(such a wall) with the use of an outer rim to ease the flowing of 


the material (Teizer et al., 2016). 
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Solidification of Powder 

One of the most important techniques in this technology 
is “Selective Laser Sintering (SLS)” (van Wijk and van Wijk, 
2015). In this process, after pouring the powder of ceramic, 
plastic, glass, or metals, a laser ray is used to fuse the material 
into a mass (Mathur, 2016). 


Photo-Polymerization 


Acommon technique in this technology is “Stereolitography 
(SLA)’. This process requires a container filled with a liquid 
synthetic resin, where the successive printed layers are fused 


by ultraviolet (UV) rays (Teizer et al., 2016). 
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Figure 11. From left: FDM, SLS, &SLA technologies in 3d 
printing (Teizer et al., 2016) 


3d Printing Applications In Architecture 
While The 3d printing technology affects the manufacturing 


sector, subsequently it strongly affects the construction 
industry. Because of the evolution of 3d printing, several 
international companies emerged using this technology in 


the building sector. The Chinese company Winsun is building 
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full houses using a 3d printing method similar to the contour 
crafting technology (Teizer et al., 2016). Another example is the 
canal house in Amsterdam, by DUS architects. Via the Fused 
deposition modeling (FDM) technology, the architects used a 
large printer using a bio-based material to print each room of 
the house on the site, which then could be assembled into a 
one structure (3d print canal house, 2013). In addition, there 
is a 3d printed terrazzo floor designed by Aectual company in 
Amsterdam. In this project, a large robotic 3d printer was used 
to print any pattern from a bio-plastic material, which later be 


transported into the required space (Frearson, 2018). 


Figure 12. 1&2: a part from the wall in the canal house, the FDM 
technique used in the printing (3D PRINT CANAL HOUSE, 
2016), 3&4: The terrazzo floor is printed 
by a robotic 3d printer (Frearson, 2018) 
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In the Middle East, the most popular example of using 3d 
printing in architecture is the first 3D-printed office in the 
world: “Office of the Future” in Dubai, United Arab Emirates 
(DiStasio, 2016). As a part of Dubai 3-D Printing Strategy, on 
May 23, 2016, the project was inaugurated by His Highness 
Sheikh Mohammed bin Rashid Al Maktoum, Vice President 
and Prime Minister of the UAE and Ruler of Dubai (Dubai 
Foundation, 2016). 


A 3d printer with a height of 6 meters was used to print the 
structure, which has been assembled in the site (ArchDaily, 
2017). While the team included multiple engineering firms, 
such as Gensler and Syska Hennessy Group, the printer was 
provided by WinSun, which extruded a material consisted of 
a special reinforced concrete, glass-fiber-reinforced gypsum 


and fiber-reinforced plastic” (MacRae, 2016). 


Figure 13. The office of the future in Dubai (Dubai Foundation, 
2016) 
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Pros and Cons of the 3d Printing Technology 
On one hand, undoubtedly, 3d printing is widely spread in 


many fields because of many features, such as: eliminating 
the large quantities of the raw materials, reducing the labor 
costs, and providing more freedom in the design of complex 
and customized products, to name a few (van Wijk and van 
Wik, 2015). Furthermore, in the construction sector, it 
provides safety for the workers much more than the traditional 
building technology, using various materials, and it allows 
manufacturing and building structures in a short period of 
time, (Mathur, 2016). On the other hand, like any technology, 
3d printing has multiple disadvantages. For example, the large 
amount of electrical energy required for the printing, and the 
waste material (McAlister and Wood, 2014). Thus, there are 
many researches that discussed these issues and suggested a 
number of solutions. According to (Gwamuri et al., 2016) the 
3d printer can be powered by photovoltaic (PV) system with a 
low cost. For the waste material issue, the quantities of waste 
materials depend on the technology and the model of the 3d 
printer. According to (McAlister and Wood, 2014), the FDM 
technology generates less waste to print plastic structures, 


comparing to the other technologies. 


3d Printing in the Production of Islamic Geometric 


Patterns 


While there are almost no studies yet discussed this topic, 


the current research will explore two studies that may be 
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helpful, then It will shed the light on a case study that is closely 
linked to the topic. The first study (Melnikova, Ehrmann and 
Finsterbusch, 2014) is conducted to test the using of the 3d 
printing technology in creating textile-based structures. 
Although the material used in this case is soft, to accommodate 
the flexibility characteristic of the garments, and the patterns 
are not geometric, what may be useful in this study is what 
it concluded, that FDM technology with printing layer by 
layer is more successful than the SLS technology (Melnikova, 
Ehrmann and _ Finsterbusch, 2014), both technologies 
were introduced previously in the current research: page 


no. 12&13. 


Figure 14. 3d printed textile-based structures using the FDM 


technology 
(Melnikova, Ehrmann and Finsterbusch, 2014) 


The second research (Headley et al., 2015) comes to 
explore the possibilities of using 3d printing in manufacturing 
Mashrabiya, which is a wooden screen embellished with an 
Islamic pattern. Through using the plastic in SLS printing 
technology, the research concluded that the 3d printed 
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Mashrabiya costs more than the ordinary one only by 1% 
(Almerbati, 2016). 


Figure 15, From left: a traditional Mashrabtya, a 3d printed 
Mashrabiya model by the SLS technology 
(Almerbati and Headley, 2016) 


The Case Study 

It is noteworthy that the only example of using 3d 
printing in the production of Islamic geometric patterns in 
architecture, in the world, is a project has been completed 
by an American company called Aztec Scenic Design. The 
project is a customized ceiling in a private residence, done 
by using 3d printing technology, figure (16). This 5.5 * 4.3 m 
ceiling constructed in 2014, consisting of 400 3d printed parts 
(Krassenstein, 2014), took three weeks of printing, and two 
days for installation at the site (Butler, 2014). 
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Figure 16. 3d printed patterns by Aztec Scenic Design, from left 
(Halterman, 2014), 
(3d printing for beginners, 2015) 
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The Construction Process 

The initial phase was to transfer the drawing into the computer 
to create a digital file- 3d modeled pattern, using several 
softwares such one called “123 design” (Butler, 2014). The 
designed pattern is geometric mixed with vegetal ornaments. 
Then, the printing phase began using multiple printer brands 
such Tinkerine Ditto and Prusa i3 (Krassenstein, 2014). The 
FDM printing required 9 spools: 6 of 3mm ABS and 3 of 1.75 
PLA filaments, which costs approximately $200 (Krassenstein, 
2014). Both ABS and PLA are thermoplastic materials, where 
ABS is characterized by its strength, and PLA by the smooth 
appearance (van Wijk and van Wijk, 2015). 


aN L° ~~ 1 Lo eee 


model from the drawing, 4&5&6: the 3d printing and the printed 
parts (3d printing for beginners, 2015) 


Next, eight wooden panels were used as a base, where the 
3d printed parts were organized and fixed (Butler, 2014). Then, 
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the next phase was to gold leaf all the parts of the design, 
painting and finishing it with the use of oil stains and glaze 
(Krassenstein, 2014). The team in this project confirmed that 
the most difficult and challenging issues were troubleshooting 
the multiple printers, as well as keeping track the large number 
2014). 


ol 
Ss 
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of printed pieces, 400 piece (Krass 


enstein, 


Figure 18. After printing: 1: using the wooden panels, 2: using the 


gold leaf, 3&4: painting and finishing, 5&6&7: The installation, 
8: the final result (3d printing for beginners, 2015) 
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The Next Approach: Developing The Concept 


After exploring the multiple usages of the 3d printing in 
many fields, particularly in the design field where it can create 
printed products with a flexible form (such the textile-based 
structures used in garments) or a stiff form (such the printed 
Mashrabtya), and in the architectural field where it is used 
to create 3d printed decorations embellished with 3d printed 
Islamic geometric patterns, it is possible now to declare that 
this concept can be developed to be used on a larger scale. 
This means that 3d printed Islamic geometric patterns can be 
integrated into various elements in Islamic architecture, whether 
the building is a mosque, an Islamic art museum, Islamic center, 
traditional Arabic-Islamic house, to name a few. For instance, 
in the architecture of a mosque, these 3d printed patterns can 
be used on interior walls or as a cladding of the exterior walls. 
Also, as the case study introduced the use of these patterns 
on a curved surface-ceiling, it may be also applied on the 
arches and the interior/exterior skin of domes. In addition, it 
can be used in tiling such as the example of manufacturing 3d 
printed terrazzo tiles, to produce 3d printed tiling with Islamic 
geometric patterns. Furthermore, the stunning result in the 
case study was completed in 2014, which means that at the 
present time it can be recreated with more advanced printers, 


materials, and less budget, time, and efforts. 
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Conclusions 


- The 3d printing technology is used in architecture in 
different ways: in manufacturing tiles, printing walls, or even 


constructing a whole building. 


- Until this moment, there is only one project in the world 
using the technology of 3d printing in producing Islamic 


geometric patterns in architecture. 


- From the case study and the examples of the applications 
of 3d printing in architecture, the research concludes that it may 
be possible to produce 3d printed Islamic geometric patterns 
integrated into different elements in Islamic architecture (such 


a mosque), elements such: walls, tiles, ceilings, and domes. 


- While The Islamic geometric patterns enrich the sense of 
the Islamic style in the space, the use of 3d printed patterns 
show the fascinating Islamic beauty that is created using a 
contemporary technology that accommodates the current 


manufacturing development. 
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